Background Root phenes play a primary role in plant adaptation to edaphic stress. Understanding the functional implications of root phenotypes will enable the development of crop varieties with improved soil resource acquisition. Root cortical senescence (RCS) is a type of programmed cell death in cortical cells of several Poaceae species. Until recently there has been very little attention to the functional implications of RCS for water and nutrient capture. Scope We explore the functional implications of RCS as an adaptive trait for water and nutrient acquisition. The present review summarizes evidence from our own studies and other published work, and provides novel insights into the fitness landscape of RCS. Progress has recently been achieved in understanding the development and physiological implications of RCS. We propose that RCS is a useful trait for water and nutrient acquisition, particularly in edaphic stress conditions. Conclusions Further research is needed to understand the utility and tradeoffs of RCS in the context of specific environments, management practices, and phenotypic backgrounds. The utility of RCS for improved plant performance under edaphic stress merits investigation in the field. RCS may be a useful breeding target for improved soil resource capture in several major crop species including wheat, barley, and triticale.
Drought and nutrient stress are primary global constraints to agricultural productivity (Tilman et al. 2002; Lynch 2007; Lobell et al. 2014 ). Climate change is projected to intensify the importance of crop water stress as a result of altered precipitation patterns, and soil degradation (Tebaldi and Lobell 2008; Brisson et al. 2010) . In many areas of the world, fertilizer use is low and prospects for increased irrigation are limited as most smallholder farms have limited access to fertilizer (Azeez et al. 2005 ) and freshwater availability is decreasing both in quantity (e.g. aquifer depletion) and quality (e.g. salinization) (Tebaldi and Lobell 2008) . In developed countries, intensive fertilization is a primary energy, economic, and environmental cost of agricultural production (Woods et al. 2010) . Understanding phenes ('phene' is to 'phenotype' as 'gene' is to 'genotype') (Lynch 2011; Pieruschka and Poorter 2012; York et al. 2013 ) that enhance plant performance in drought and nutrient-limited conditions is important in increasing the productivity, resilience, and sustainability of global agriculture. Root phenes are obviously of primary importance in soil resource capture, but the fitness impacts and genetic control of root phenes are not well understood. Understanding the fitness landscape (Lynch and Brown 2012) of root phenes may enable the development of new crop cultivars with improved root phenotypes for soil resource acquisition.
Root architectural phenes regulate the placement of roots in distinct soil domains, and subsequently affect the acquisition of mobile and immobile nutrients. The acquisition of mobile resources, including nitrate and water, is enhanced by root phenotypes that increase the exploration of deep soil domains. Over the growing season, mobile resources are available in deep soil domains due to depletion by root uptake in the topsoil as loss to leaching in the case of nitrate and direct evaporation in the case of water (Manschadi et al. 2006; Lynch 2013; Trachsel et al. 2013; Lynch and Wojciechowski 2015) . However, immobile resources, including potassium and phosphorus, typically have the greatest availability in shallow soil domains Zhu et al. 2005; Lynch 2011; Lynch 2013) .
Root anatomical phenes also have important roles in soil resource capture. Several root anatomical phenes influence the metabolic cost of soil exploration by changing the proportion of respiring and non-respiring root tissue and affecting the nutrient and carbon cost of tissue construction and maintenance. Plants that are able to access soil resources at a reduced metabolic cost will have superior productivity because more metabolic resources will be available for further resource acquisition, growth, and reproduction (Lynch 2013; Lynch 2015) . Cortical phene states that reduce living cortical tissue reduce root respiration and nutrient content, thereby permitting greater resource allocation to other plant functions including growth and reproduction Lynch 2015) . For example, the development of root cortical aerenchyma (RCA) in maize improves plant performance in environments with suboptimal nutrient and water availability (Zhu et al. 2010; Postma and Lynch 2011a, b; Jaramillo et al. 2013; Saengwilai et al. 2014; Chimungu et al. 2015) , an effect which modeling studies show can be attributed to a reduction in root metabolic costs (Postma et al. 2014; Dathe et al. 2016 ). Fewer cell files or greater cell size in the root cortex of maize substantially reduces root respiration and improves soil exploration and water acquisition in conditions of suboptimal water availability (Chimungu et al. 2014a (Chimungu et al. , 2014b . Recently, root cortical senescence (RCS), a phene anatomically distinct from RCA, has also been identified as a root phene that reduces root metabolic costs, thereby improving plant growth under suboptimal nutrient availability. Here, we do not provide a comprehensive review of RCS but rather highlight key studies on RCS and identify research opportunities to enable further understanding of the developmental, physiological, and genetic mechanisms controlling RCS.
Root cortical senescence
RCS is a type of programmed cell death (PCD) in root cortical cells (Fig. 1 ) in Poaceae and forms in many species including triticale (Triticosecale) Liljeroth and Bryngelsson 2002) , barley (Hordeum vulgare L.) (Deacon and Henry 1980; Liljeroth and Bryngelsson 2002) , rye (Secale cereal) (Liljeroth 1995) , oats (Avena sativa) (Liljeroth 1995) , Kentucky bluegrass (Poa pratensis) (Smiley and Giblin 1986) , perennial ryegrass (Lolium perenne) (Jupp and Newman 1987) , blue grama grass (Bouteloua gracilis) (Beckel 1956) , and wheat (Triticum aestivum) (Deacon and Henry 1980; Lascaris and Deacon 1991a; Liljeroth and Bryngelsson 2002) . RCS was first observed by Henrici (1929) in South African xeric grasses and was first quantified by Holden (1975) using nuclear staining methods. In three-week-old root segments of wheat, the majority of root cortical cells were anucleate, although the roots still appeared white and healthy (Holden 1975; Holden 1976 ). Holden's findings were later confirmed (Deacon and Henry 1978; Henry and Deacon 1981; Kirk and Deacon 1986 ) and the phenomenon was termed 'non-pathogenic root cortex death' (Deacon and Henry 1978) and more recently referred to as RCS (Robinson 1990; Liljeroth 1995; Schneider et al. 2017a ).
Regulation of RCS development
The spatiotemporal development of RCS has been well characterized. Cytoplasmic and nuclear stains have demonstrated that cortical cells of seminal and nodal roots in several Poaceae species can senesce very early in plant growth, leaving the tips of the root axes and lateral roots to continue to grow (Holden 1975; Henry and Deacon 1981; Deacon and Lewis 1982; Deacon and Mitchell 1985; Schneider et al. 2017a) . RCS begins in outer cortical cell files, directly behind the zone of anucleate root hairs, and progresses inwards and basipetally resulting in anucleate cortical cells. Eventually nearly all cortical cell files in nodal and seminal roots from approximately two cm behind the root apex to approximately three cm from the root-shoot junction will become anucleate (Henry and Deacon 1981; Deacon and Lewis 1982; Kirk and Deacon 1986; Wenzel and McCully 1991; Schneider et al. 2017a) (Figs. 1 and 2 ). The development of RCS is reduced or delayed in the axial root around the base of lateral roots, an effect that extends to approximately 800 μm around the base of each lateral and most pronounced on the side of the axis where the lateral emerges (Van Vuurde and Schippers 1980; Henry and Deacon 1981) . However, the delayed RCS effect caused by lateral roots is temporary as with increasing distance behind the apex, the number of anucleate cell files around the base of lateral roots progressively increases (Henry and Deacon 1981) . In addition, lateral roots themselves do not form RCS (Henry and Deacon 1981; Schneider et al. 2017b) . RCS is complex and dependent on plant species, growth medium, and genetic and environmental cues (Liljeroth 1995; Schneider et al. 2017a) .
RCS progresses fastest in the seminal roots of wheat followed by triticale, barley, rye, and oats respectively (Holden 1976; Deacon and Henry 1980; Henry and Deacon 1981; Deacon and Mitchell 1985; Yeates and Parker 1985; Kirk and Deacon 1986; Liljeroth 1995) . In 15-day-old segments of wheat roots grown in soil, between 80 and 90% of the root cortical cells were anucleate, in contrast to between 20 and 35% anucleate cortical cells in barley and rye (Liljeroth 1995) . Several studies claim the identification of RCS in dicotyledonous species including in peanut (Arachis hypogaea) (Griffin et al. 1975 ) and rape (Brassica napus L.) (MacLeod et al. 1986 ). However, dicotyledonous species have fundamentally different root growth compared to monocotyledonous species. Roots of dicot plants undergo secondary growth, typically destroying the cortex and rupturing the epidermis in a different pattern than RCS. Evidence suggests that dicotyledonous species do not undergo RCS and it may be a phenomenon primarily in Poaceae species (Krauss and Deacon 1994; Bingham 2007) .
The development of RCS is also influenced by cultivar. Differences in the rate of RCS were observed among four perennial ryegrass varieties (Kirk and Deacon 1986) , six spring wheat varieties (Henry and Deacon 1981) , and fourteen different barley varieties (Liljeroth 1995) . Landraces and modern varieties of barley have different rates of RCS progression and landraces have a faster progression of RCS compared to modern varieties (Schneider et al. 2017a) . Although genetic variation for RCS has been characterized, the genetic mechanisms controlling RCS are poorly understood. RCS is influenced by the substitution of the chromosome pairs 5B or 5D between commercial varieties of spring wheat . Further insights of the genetic mechanisms controlling RCS would enable the further characterization of this trait and perhaps the generation of isogenic lines to further understand its adaptive significance. The presence of Fig. 1 Progression of RCS in a nodal root of barley at 35 days after germination. Root transverse cross sections at A) 4 cm behind the root apex B) 10 cm behind the root apex c) 24 cm behind the root apex. RCS begins in the outer cortical cell files and progresses inwards (B) and eventually all cortical cells will senescence only leaving the stele viable (C). Scale bar = 100 μm genetic variation suggests that RCS has variable effects on fitness in different environments.
RCS develops at the same rate in sterile and nonsterile conditions and is not enhanced by the presence of soil microorganisms or fungi (Henry and Deacon 1981; Lewis and Deacon 1982) . However, RCS influences the size (Van Vuurde and Schippers 1980) and types Deacon and Lewis 1986 ) of rhizosphere bacterial and fungal populations, and regions of spring wheat roots that develop RCS support larger rhizosphere populations compared to regions with no RCS (Van Vuurde and Schippers 1980; Deacon and Lewis 1982; Deacon and Lewis 1986) . However, the longevity of cortical cells has important implications in determining the potential resistance of the cortex to a number of diseases (Yeates and Parker 1985) . RCS is typically followed by the growth of fungi and bacteria in living and dead root tissues (Old and Nicolson 1975) . After RCS, the root cortex has reduced capacity for defense including the formation of lignotubers or cell wall thickening in response to fungal hyphae (Holden 1976 ). In addition, nutrients leaked from senescing cells may be used by colonizing microorganisms. Patterns of fungal invasion closely match cortical cell death patterns of RCS (Deacon 1980; Deacon and Henry 1980; Deacon and Lewis 1986 ) and a strong positive correlation was observed between the rate of RCS and fungal biomass in the root (Liueroth et al. 1996) . RCS is not induced by fungi or bacteria, rather the nutrients from senescing cells and reduced cortical defense responses enable the growth of fungi and bacteria in the cortex and rhizosphere.
Mechanisms to manipulate RCS would enable further studies of the functional implications of RCS. Several factors control the rate of RCS including ethylene and suboptimal nutrient availability (Schneider et al. 2017a, c) . Ethylene has pronounced effects on the rate of RCS. Cobalt(II), a known inhibitor of ethylene synthesis (Yu and Yang 1979) , reduced the rate of RCS in root segments on agar media (Lascaris and Deacon 1991b) . Seminal and nodal roots treated with exogenous ethylene had 35% and 46% more RCS, respectively compared to the control (aeration) treatment. The accelerated progression of RCS with root-zone ethylene was completely reversed with an ethylene action inhibitor. However, an ethylene action inhibitor did not reduce RCS compared to the control (Schneider et al. 2017c) . This indicates that ethylene may play a role in regulating the rate of RCS, but is not required for the development of RCS.
Nutrient availability also regulates the rate of RCS development. Nutrient deficiencies do not affect the Sparks (2017) pattern or where RCS begins relative to the root apex, rather the rate of RCS development. RCS was accelerated by suboptimal availability of nitrogen (Lascaris and Deacon 1991a; Schneider et al. 2017a ) and phosphorus (Elliott et al. 1993; Schneider et al. 2017a ) and nutrient deficiencies accelerate the rate of RCS by 12% compared to control conditions (Schneider et al. 2017a ). The identification of additional treatments that accelerate or reduce RCS will be useful in studies evaluating the functional implications of RCS independent of tissue age as well as aid in understanding the genetic architecture of this phene.
Analogies with leaf senescence Addicott and Lyon (1973) and later MacLeod et al. (1986) and Henry and Deacon (1981) proposed that RCS may be analogous to the senescence of leaves and shoots. RCS and leaf senescence have many similarities; they both are accelerated by deficiencies in mobile nutrients (e.g. nitrogen, phosphorus) (Tully et al. 2013; Schneider et al. 2017a) , are accelerated by calcium deficiency, a known regulator of senescence (Ferguson 1984; Lascaris and Deacon 1991a) , are influenced by ethylene (Jackson and Osborne 1970; Schneider et al. 2017c) , accumulate pathogenesisrelated (PR) proteins in very early stages of senescence (Tamas et al. 1998; Quirino et al. 2000; , and are a type of PCD (van der Kop et al. 2003; Schneider et al. 2017c ). Defender Against Death 1 (DAD1), a negative regulator of PCD (Moharikar et al. 2007) , is significantly downregulated at the onset of RCS in barley roots (Schneider et al. 2017c) , petal senescence of pea (Orzaez and Granell 1997a; Orzaez and Granell 1997b) and gladiolus (Yamada et al. 2004) , and leaf senescence of iris and carnation (van der Kop et al. 2003) . However, RCS and leaf senescence are different with respect to regulation and implications for plant fitness. Cycloheximide, a protein synthesis inhibitor that delays senescence in leaf disks (Martin and Thimann 1972) , did not reduce the rate of RCS in wheat (Lascaris and Deacon 1991b) . In addition, leaf senescence is accelerated by damage to cellular constituents caused by free radicals (Kellogg and Fridovich 1975; Strother 1988 ). However, sodium benzoate, gallic acid, and ascorbic acid, known free radical scavengers, had no effect on the rate of RCS in wheat (Lascaris and Deacon 1991b ). In addition, leaf and root cortical senescence have fundamentally different biological functions.
RCS involves senescence of a specific tissue type within an organ, while leaf senescence culminates in abscission of an entire organ. However, in leaves of some species of Monstera and related genera, the formation of a complex leaf shape involves the PCD in regions of leaf tissue, rather than a specific tissue type or organ abscission (Gunawardena 2007) . In monocarpic senescence of deciduous plants, leaves senesce simultaneously as triggered by genetic and environmental cues (e.g. temperature, photoperiod) (Tully et al. 2013) . In annual plants, during senescence resources in the leaves are translocated to developing seeds and fruits. In perennials, these resources may be stored in stems or roots and may be used in the following season (Tully et al. 2013) . In contrast, RCS begins in root cortical tissue as early as a few weeks after germination and senescence progresses throughout plant growth, and only the rate may be triggered by environmental cues (Schneider et al. 2017a) . RCS may be an adaptive strategy to improve plant growth in edaphic stress conditions. Leaf senescence and the development of RCS have similarities with respect to the modulation (i.e. nutrient deficiencies, ethylene) of the PCD process. However, RCS and leaf senescence are fundamentally different in respect to adaptation and fitness.
RCS and source-sink relations
As an alternative to the leaf senescence theory, Henry and Deacon (1981) proposed a sink-strength model to explain the development of RCS. In this model, RCS may result from reduced or inadequate supply of photoassimilates reaching the root cortex from the stele and the cortex not acting as an efficient resource sink compared to the growing axial and lateral root tips (Henry and Deacon 1981) . The pattern of RCS matches this theory; a reduction in photosynthate from the stele would result in a reduction of resources reaching the epidermis and outer cortical layers first, where RCS begins. However, we would also expect the rate of RCS to increase as environmental conditions reduce the allocation of photoassimilates to the roots. In wheat, leaf pruning did not affect the rate of RCS (Lascaris and Deacon 1991a) . In Poa pratensis, increased temperature increased the rate of RCS (Smiley and Giblin 1986) . However, shading decreased the rate of RCS in wheat and barley and there was no clear effect of shading on RCS development in Poa pratensis (Smiley and Giblin 1986) .
Similar to the sink-strength model, Henry and Deacon (1981) also proposed that endodermal suberization and cell wall thickening restrict the movement of photoassimilates into the root cortex, thereby inducing RCS. RCS was not correlated with the age or distance of lignification in the Casparian strip, tertiary endodermis, protoxylem, metaxylem, or stellar ground tissues as assessed by phloroglucinol-HCl staining (Henry and Deacon 1981) . Generally, in wheat and barley, lignification of the Casparian strip occurred before the onset of RCS and the lignification of the tertiary endodermis occurred after the senescence at least four cortical cell files (Henry and Deacon 1981) . However, RCS coincided with increased aliphatic suberin in the endodermis and these differences were more pronounced in landraces, which had a significantly faster progression of RCS compared to modern varieties (Schneider et al. 2017a) . Staining methods detecting lignin and GC-MS methods detecting lipids, cannot discern if RCS is the cause or effect of endodermal development or if they are indirectly related by unknown mechanisms. Suberization of the endodermis may restrict the movement of assimilates to the cortex, starving cortical cells, inducing senescence as Henry and Deacon (1981) proposed. However, we propose that increased endodermal suberization may occur after the development of RCS in order to protect the root from pathogen invasion and radial water and nutrient loss after the senescence of cortical and epidermal cells.
Functional implications of RCS

RCS and metabolic costs
RCS reduces the carbon and nutrient costs of soil exploration by destroying living cortical tissue, thereby reducing carbon and nutrient costs of maintaining a living cortex (Schneider et al. 2017a) . After the development of RCS, assimilates that would have been partitioned to the root for maintenance of the cortex may be used for the growth of shoots or new roots, which can increase soil exploration (Fig. 3) . Per unit root length, nitrogen and phosphorus content were reduced by 80% in root segments with complete cortical senescence compared to root segments with no RCS at 35 days of growth (Schneider et al. 2017a) . RCS reduced root respiration by 87% per unit dry weight and 96% per unit length compared to root segments with no RCS at 35 days of growth (Schneider et al. 2017a ). SimRoot, a functional-structural plant model, demonstrated that reduced respiration of the cortex after RCS had relatively small effects on plant growth up to 80 days of growth, but large effects on plant carbon reserves. Plants with RCS had 54% more non-structural carbon reserves compared to plants with no RCS at 80 days of growth. Under suboptimal nutrient availability, plants with RCS had significantly greater root length and significantly reduced respiration per root length compared to plants with no RCS (Schneider et al. 2017b ).
RCS and radial transport of water and nutrients
The progression of RCS is correlated with progressively reduced radial hydraulic conductivity and radial transport of nitrogen and phosphorus. In excised barley root segments, RCS reduced radial hydraulic conductivity by 90%, radial nitrate transport by 92%, and radial phosphorus transport by 84% (Schneider et al. 2017a) . Fig. 3 Schematic of RCS and soil resource capture. In edaphic stress, plants with RCS have greater root length, reduced root respiration, and reduced radial water and nutrient uptake. Greater root growth in plants with RCS is driven by savings in metabolic costs of root tissue. Reduced radial water and nutrient transport of axial root tissue after RCS has small effects on total plant nutrient uptake, as lateral roots do not form RCS and perform the majority of root nutrient and water uptake Simulation results demonstrated that at anthesis, reduced radial nutrient transport and hydraulic conductivity due to RCS development had only neutral or small negative effects on plant growth under suboptimal availability of nitrogen, phosphorus, and potassium. Reduced radial nutrient transport after the development of RCS only slightly reduced total nutrient uptake throughout plant growth in suboptimal and optimal nutrient availabilities (Schneider et al. 2017b) . Radial nutrient and water transport as a result of RCS is only disturbed in axial roots, as RCS does not develop in lateral roots. Lateral roots comprise the majority of root length and perform the majority of nutrient uptake compared to seminal and nodal axes (Schneider et al. 2017b ). The development of RCS in axial root tissue presumably has little effect on total plant nutrient uptake and plant growth as RCS develops in older root segments that occupy soil domains that have already been depleted of nutrients by the younger root tissue of the same root axes. We speculate that RCS not only affects the radial transport of nitrogen, phosphorus, and potassium, but many other nutrients including calcium and magnesium.
We also proposed that a reduction in radial hydraulic conductivity may not be a tradeoff to RCS, but rather a benefit (Fig. 3) . Reduced radial hydraulic conductivity may be advantageous under water limited conditions by conserving soil water throughout the growth season, a strategy known as Bwater banking^ (Feng et al. 2016) . Reduced metaxylem vessel diameter conserves soil water throughout the growth season (Richards and Passioura 1989) . Reduced hydraulic conductance may prevent desiccation of the root tip and the soil surrounding the root tip, which is important since dry soil has greater impedance. Reduced water capture may also create moderate shoot water stress, which increases shoot water use efficiency. We speculate that a reduction in radial water transport as a result of RCS is functionally advantageous, rather than functionally antagonistic to plant growth, however further studies are required to confirm this hypothesis.
Reduced radial transport of water and nutrients may be due to changes in the apoplastic and cell-to-cell pathways, reduced root-soil contact, and increased endodermal suberization after RCS. The development of RCS presumably disrupts the continuity of the apoplastic and the cell-to-cell pathway resulting in a longer path length and reduced cross-sectional area for radial transport across these pathways. Reduced rootsoil contact after the senescence of the cortex may also reduce radial hydraulic conductivity. Contact of roots with soil aggregates is an important driver of hydraulic conductivity at the root-soil interface (Carminati et al. 2012; Zarebanadkouki et al. 2014 ). In addition, changes in endodermal suberization coinciding with RCS may also contribute to the reduction in radial hydraulic conductivity and nutrient transport. Characterization of endodermal passage cells after RCS development will be important, as they will still be able to take up ions from the soil solution (Peterson and Enstone 1996) . Further studies are needed to characterize cellular pathways of water transport, the impact of reduced root-soil contact, and endodermal suberization after RCS development.
RCS and nutrient remobilization
Reallocation of nutrients after RCS also has important functional implications for plant growth, particularly under edaphic stress. It was originally proposed that remobilization of phosphorus from senescing cells may be beneficial to plant growth (Robinson 1990 ). We proposed that remobilization of nitrogen and potassium may also be beneficial and we tested these hypothesis in silico with SimRoot. Simulation results demonstrated that remobilization of nutrients after RCS was always beneficial and increased plant growth by 33%, 100%, and 27% under suboptimal availability of nitrate, phosphorus, and potassium, respectively. At anthesis, reallocation of nutrients had the largest effects on plant growth compared to other functional implications of RCS including reduced root respiration and radial nutrient transport (Schneider et al. 2017b ). However, the utility of nutrient reallocation, reduced respiration, and reduced radial nutrient transport was estimated using simulations. Validation of the functional implications of RCS and identification of additional benefits and tradeoffs would benefit from validation in the field.
Root cortical phenes are important for plant performance, particularly under edaphic stress (Zhu et al. 2010; Chimungu et al. 2014a; Chimungu et al. 2014b; Saengwilai et al. 2014; Schneider et al. 2017b) . Root phenes that reduce root metabolic costs including RCS, RCA, cortical cell file number, and cortical cell size reduce carbon and nutrient costs for soil exploration (Chimungu et al. 2014a; Lynch et al. 2014; Saengwilai et al. 2014; Chimungu et al. 2014b; Schneider et al. 2017a) . RCS is a promising breeding target for improved soil resource acquisition.
Similarities and differences between RCS and RCA RCS and RCA are functionally similar in many aspects. Both RCS and RCA are accelerated by nutrient deficiencies (Gillespie and Deacon 1988; Drew et al. 1989; Elliott et al. 1993) , reduce radial nutrient transport (Hu et al. 2014; Schneider et al. 2017a ), reduce radial hydraulic conductivity (Fan et al. 2007; Schneider et al. 2017a) , reduce metabolic costs (Zhu et al. 2010; Postma and Lynch 2011b; Jaramillo et al. 2013; Saengwilai et al. 2014; Chimungu et al. 2015) , are influenced by exposure to ethylene (Lascaris and Deacon 1991b; Lenochová et al. 2009; Schneider et al. 2017c) , and are types of PCD Jiang et al. 2010; Schneider et al. 2017c ). Two ethylene-related genes were upregulated during both RCS and RCA formation (Rajhi et al. 2011; Schneider et al. 2017c ). Both RCS and RCA improve nutrient acquisition, driven by reduced root metabolic costs, and increase plant growth in edaphic stress (Zhu et al. 2010; Postma and Lynch 2011a; Postma and Lynch 2011b; Schneider et al. 2017b ). However, reductions in nutrient and water transport and root respiration associated with RCS are significantly greater compared to RCA formation (Fan et al. 2007; Zhu et al. 2010; Postma and Lynch 2011b; Jaramillo et al. 2013; Hu et al. 2014; Saengwilai et al. 2014; Chimungu et al. 2015; Schneider et al. 2017a) .
Despite the similarities, RCS and RCA have some functional differences and are anatomically distinct. RCA has been primarily studied as a response to hypoxic conditions and improves oxygen transport to the root tip and rhizosphere (He et al. 1996; Evans 2004; Thomas et al. 2005 ) which has been shown to be particularly important in submergence tolerance in rice (Ito et al. 1999) . Presumably, RCS which culminates in a non-continuous epidermis, has no utility in hypoxic conditions. In addition, the formation of RCA begins in middle cortical cell files and progresses in a radial pattern leaving spokes of cortical tissue connecting outer cortical cell files with inner cortical cell files (Arikado 1955; Thomson et al. 1990; Kawai et al. 1998; Lenochová et al. 2009 ), in contrast to RCS which begins in outer cortical cell files and progresses inward towards the endodermis until the entire cortex has senesced (Holden 1975; Henry and Deacon 1981) . The development of RCS is constitutive and is developed primarily in small temperate grains in the Poaceae family (Deacon and Mitchell 1985; Yeates and Parker 1985; Jupp and Newman 1987; Liljeroth 1995) . Species that develop RCS may also form RCA in specific environmental conditions (e.g. hypoxia) (Deacon and Mitchell 1985; Setter and Waters 2003) . The development of RCA is a common phenomenon in angiosperms and forms in many more species when compared to RCS including maize and rice. RCS and RCA are both functionally, physiologically, and genetically similar and both largely involve standard PCD in the root cortex. Further studies are needed to define genetic and physiological differences between RCS and RCA.
Synergisms with other plant Phenes
RCS has synergistic interactions with other phenes for plant growth. The number of tillers has implications for the utility of RCS in edaphic stress conditions. In suboptimal nitrogen, phosphorus, and potassium availability, simulations demonstrated plants with RCS and few tillers had 15%, 23%, and 32% greater shoot biomass, respectively compared to the expected additive effects (Schneider et al. 2017b) . RCS had greater benefit in plants with fewer tillers. Increased tiller number in suboptimal fertility depleted limited soil nutrient resources faster and soil nutrient resources became limiting in later growth stages therefore reducing plant growth. Barley, wheat, and other species that form RCS can vary greatly in the number of tillers formed, particularly between landraces and modern varieties (Schneider et al. 2017c ) which can have large implications for the utility of RCS (Schneider et al. 2017b) .
Synergistic interactions also were identified between RCS and lateral branching densities. In low nitrogen conditions, simulation studies demonstrated plants with sparse lateral branching and RCS had 14% greater shoot biomass compared to the expected additive effects. In low phosphorus conditions, plants with RCS and dense lateral branching had 14% greater shoot biomass compared to the expected additive effects. In low potassium conditions, plants with RCS and dense lateral branching had 5% greater shoot biomass compared to the expected additive effects (Schneider et al. 2017b) . RCS results in greater resource availability (i.e. greater carbon and nutrient availability due to reallocation after cell senescence), and allows the plant to grow more root length and creates the potential for a greater lateral branching density and/or length. Dense lateral branching has a greater utility for the capture of immobile nutrients, including potassium and phosphorus, compared to nitrogen (Postma et al. 2014) . In contrast, decreased lateral branching density in suboptimal nitrogen availability decreased intra-and inter-root competition and had greater utility in plants with RCS. Sparse lateral branching has also been shown to have greater utility for nitrogen capture in maize (Zhan and Lynch 2015) .
It has been hypothesized that RCS may have other synergistic interactions with root and plant phenes, particularly phenes that are beneficial for soil and resource capture, but have a high metabolic cost. For example, the number of nodal roots, a root phene with a high metabolic cost, interacts with RCA in maize, a phene that reduces the metabolic costs of the root to increase plant growth (York et al. 2013) . RCS may interact with growth angle or other phenes that affect the placement of roots in different soil domains. In some nitrogen regimes, a steep growth angle increases nitrogen capture (Trachsel et al. 2013; Dathe et al. 2016 ) and its interaction with RCS may enable the deep placement of roots in soil to capture mobile nutrients. Phene synergisms are important drivers in evolution and plant adaptation and have strong interactions with environmental conditions.
Quantifying RCS
The progression of RCS has been documented in the greenhouse, solution culture, and in the field using a variety of methods. Histology techniques using cell viability stains have been the most common phenotyping method for RCS. Neutral red (Beckel 1956 ), Feulgen reagent (Holden 1975) , trypan blue (Brown and Hornby 1987) , acridine orange (Henry and Deacon 1981) , and we presume many other cell viability stains are viable methods to assess RCS. Wenzel and McCully (1991) question the validity of acridine orange and cell viability staining methods to assess RCS. However, the development of RCS assessed by acridine orange staining highly correlated with assessment of RCS using Feulgen staining (Henry and Deacon 1981) and single cell pressure probe methods (Bingham 2007) . Single cell turgor pressure measurements, acridine orange staining, TUNEL-assay, and Nomarski optics methods demonstrated the same pattern and relative rate of RCS development between different plant species (Henry and Deacon 1981; Wenzel and McCully 1991; Bingham 2007) . We propose that acridine orange and other cell viability stains are valid methods to assess RCS.
In addition to histological techniques, other methods have been used to phenotype RCS. DNA fragmentation, an indicator of PCD as assessed by TUNEL-positive nuclei, occurred in cortical cells of wheat and barley seminal roots and was used to phenotype RCS. (Henry and Deacon 1981; Liljeroth and Bryngelsson 2002; Deng et al. 2010) . In addition, the use of a single-cell pressure probe enabled the quantification of RCS along a root (Bingham 2007) . It has also been proposed that diameter of the axial root may be an indicator of RCS as a strong positive correlation was found between the percentage of turgid cells using single cell turgor pressure measurements and root diameter (r 2 = 0.65) (Bingham 2007) . Presumably many methods may be used to phenotype RCS however consideration of growing environment as well as phenotyping resources must be taken into account as phenotyping root anatomy can be time-and labor-intensive.
The challenge in phenotyping RCS is not the method selected to assess RCS, rather it is how and where RCS is quantified in the root segment. Several cell viability stains and quantification techniques have been used to quantify RCS. Deacon et al. assessed RCS in wheat and barley by counting the number of cortical cell files with at least one viable nucleus (and a presumed maximum of six cell files) (Deacon and Mitchell 1985; Deacon and Lewis 1986; Kirk and Deacon 1986; Lascaris and Deacon 1991a) . However, the number of cortical cell files in barley roots can range from five to 14 (Schneider, unpublished) . While this method provides a quick technique to quickly phenotype many root anatomical samples, it is difficult to get a detailed evaluation on the progression and pattern of RCS within a root segment. To evaluate the progression and pattern of RCS within a root cross-section Schneider et al. (2017b) proposed an alternative method. A microtome was used to cut cross-sections 60 μm in thickness, which enabled the precise counting of viable nuclei in the entire cross section using a confocal microscope, rather than from a single focus field. The number of viable nuclei were counted in the inner, middle, and outer cortical cell regions and nuclei counts per cortical region were normalized based on the average cell length of that cortical region. By comparing nuclei counts in the outer, middle, and inner cortical regions the progression of RCS within the cortex can be assessed. Schneider et al. (2017b) also proposed a more rapid assessment of RCS to quantify the amount of cortex senesced, not the pattern of RCS. The difference in cross-sectional areas between the sample and the root apex can be used to quantify the percent cortex senesced (Schneider et al. 2017a) . These methods are easily implemented using solution culture or greenhouse grown roots where the entire intact root system can be excavated. However, phenotyping RCS in field-grown plants is difficult as fragile cortical tissue is easily lost during excavation and washing, and relative differences in living cortical tissue are difficult to quantify due to the challenge of excavating entire roots. Schneider et al. (2017a) used a soil core method to quantify the progression of RCS in the field. Soil cores were taken directly over a plant which enabled the quantification of the volume of living cortical tissue per depth in the field.
Research prospects
RCS results in a shift from absorptive and resource capture functions of young root tissue to supportive, axial transport functions of mature root tissue. This concept is similar to the functional fine root orders proposed by McCormack et al. (2015) which separated fine roots into two pools: a short lived absorptive pool and a longer-lived transport pool. Absorptive roots are distinguished by their high surface area to volume ratio, high mycorrhizal colonization, high root hair density, less suberization, greater respiration, greater tissue nitrogen concentration, and an intact cortex. Transport roots are distinguished by the high stele to diameter ratio, mature xylem conduits, the loss of the root cortex, and high suberization and lignification (McCormack et al. 2015) . We propose that these concepts not only apply to fine roots of perennial species but may be applicable to annual species, particularly those which develop RCS. However, in the case of RCS, absorptive and transport classes may be based on root regions, rather than entire roots since the growing root tip functions as an absorptive root while the older root tissue has transport functions.
Additional insights on the functional implications of RCS including its effects on aquaporin expression may enable further classification of absorptive and transport root tissue. In many tissues, water transport across cell membranes is mediated by aquaporins, small integral membrane proteins that localize in subcellular compartments. Evaluating the contribution of aquaporins to root water uptake is difficult, however derivatives of mercury which act though oxidation and binding to Cysteine residues may be used as aquaporin blockers (Maurel et al. 2008) . Presumably after RCS has occurred, and cortical tissue is dead, aquaporin expression does not contribute to any radial water flow. Studies have shown that in response to environmental signals, roots have the ability to respond to environmental signals by altering water transport through changes in aquaporin-mediated membrane permeability (Javot and Maurel 2002) . The expression of aquaporins is important to consider in radial water transport (Javot and Maurel 2002) as they theoretically could change to alter water uptake and membrane permeability in roots during RCS.
The impact of RCS on mycorrhizal symbiosis is also largely unknown. As RCS progresses, reduced cortical habitat may reduce mycorrhizal symbiosis. This merits investigation. Additional tradeoffs of RCS development have yet to be explored. For example, it is unclear how the loss of the cortex affects pathogen resistance or the ability of the root to sequester Na and Cl under salinity stress.
A challenge in studying RCS is understanding its utility and tradeoffs in the context of specific environments, management practices, and in different phenotypic backgrounds, i.e. the 'fitness landscape' (Lynch and Brown 2012) . As for many root phenes, there are fitness tradeoffs to the development of RCS (Schneider et al. 2017a ). However, the utility and fitness tradeoffs for RCS in many environments have yet to be investigated, including the implications of RCS in drought environments. As with RCA, reduced cortical cell file number, and increased cortical cell size, we speculate that RCS improves drought tolerance (Zhu et al. 2010; Chimungu et al. 2014a, b) . We speculate that RCS may have implications in drought tolerance by conserving soil water throughout the growth season. We also speculate that the RCS is accelerated under drought.
A major bottleneck to the integration of RCS in breeding programs is the challenge of phenotyping a large number of plants. Excavation of root crowns can be performed in the field on a large scale (Trachsel et al. 2011) , however, anatomical phenotyping through image analysis remains tedious. The phenotyping of RCS is not possible at the seedling stage, since it takes several weeks of plant growth for the phenotype and genetic differences to be visible. The identification of genetic markers controlling RCS would greatly facilitate their use in breeding programs (Lynch 2011; Henry et al. 2012; York et al. 2013) . Advances in laser ablation tomography may enable the phenotyping of root anatomical traits on targeted root segments in a high-throughput manner (Chimungu et al. 2014a; Saengwilai et al. 2014; Chimungu et al. 2014b ). However, since RCS changes temporally and spatially on a root system and varies by root class, the analysis of several root segments on the same root or threedimensional imaging may be necessary. The identification of genetic markers and genes controlling RCS would also enable the identification of further similarities or differences between RCS and RCA. Since RCS and RCA have some of the same functional implications and their development are modulated by many of the same factors (e.g. ethylene, nutrient deficiencies), it will be important to further characterize the physiological and genetic mechanisms controlling these traits. For example, the mechanisms required for barley roots to form aerenchyma in hypoxia conditions instead of RCS are largely unknown.
It will be important to further characterize RCS in other species and members of the Poaceae. Limited work has been performed on identifying species that form RCS. In barley, landraces have a faster progression of RCS compared to modern varieties. Historically, landraces are grown in low-input systems and we speculate that the development of RCS may be a useful adaptation for resource capture in these environments. Modern varieties, typically selected using modern agronomic management practices including irrigation and fertilization, develop RCS, albeit at a reduced rate compared to landraces. Further research may evaluate the progression of RCS in different species of temperate grasses and how these rates vary in different environmentally adapted varieties.
We propose that RCS may not be controlled by a sink-strength model or develop as a stress symptom, but rather is a positive adaptation improving plant fitness under edaphic stress (Schneider et al. 2017a ). The challenge of understanding the genetics, physiology, and fitness landscape of RCS will require in silico approaches and expertise in plant biology, soil science, and microbiology. We propose that RCS merits further characterization and consideration as a phene for adaptation to edaphic stress.
